Artifacts introduced by eye motion in optical coherence tomography angiography (OCTA) affect the interpretation of images and the quantification of parameters with clinical value. Eradication of such artifacts in OCTA remains a technical challenge. We developed an algorithm that recognizes five different types of motion artifacts and used it to evaluate the performance of three motion removal technologies. On en face maximum projection of flow images, the summed flow signal in each row and column and the correlation between neighboring rows and columns were calculated. Bright line artifacts were recognized by large summed flow signal. Drifts, distorted lines, and stretch artifacts exhibited abnormal correlation values. Residual lines were simultaneously a local maximum of summed flow and a local minimum of correlation. Tracking-assisted scanning integrated with motion correction technology (MCT) demonstrated higher performance than tracking or MCT alone in healthy and diabetic eyes. Huang, and Y. Jia, "Advanced image processing for optical coherence tomographic angiography of macular diseases," Biomed. Opt. Express 6(12), 4661-4675 (2015). 
Introduction
Optical coherence tomography angiography (OCTA) is a novel, noninvasive technique that images the retinal and choroidal circulations [1] [2] [3] [4] . Recently, the potential for OCTA in clinical evaluation has been demonstrated in vascular diseases such as diabetic retinopathy (DR) [5] [6] [7] [8] [9] age-related macular degeneration (AMD) [10] [11] [12] [13] and glaucoma [14] [15] [16] [17] . As OCTA uses the motion of blood cells as intrinsic contrast to identify vascular networks [15, 18] , it avoids the need for intravenous dye injection. However, OCTA is sensitive to eye motion. Artifacts produced by eye motion during scanning remain a technical challenge [19] [20] [21] . The split-spectrum amplitude-decorrelation angiography (SSADA) algorithm is tolerant to axial motion by reducing the resolution in the axial direction; however, transverse eye motion such as microsaccades introduce artifacts that manifest as bright lines or stripes on en face OCTA.
Two main approaches to eliminate this problem have been adopted in commercial systems. The Angioplex (Zeiss Meditec, Inc., Dublin, CA, USA) integrates a scanning laser ophthalmoscope (SLO) in a real-time eye tracking system that makes adjustments when motion is detected [22] . Tracking of the scanning optical coherence tomography (OCT) beam to compensate for eye motion was introduced over a decade ago [23] . Since then, scanning assisted by SLO has been successfully implemented in OCT [24] and OCTA [25, 26] . Motion correction bandwidth of 32 Hz and latency of 2.5 ms between detection and correction have been reported [24, 27] . Alternatively, the Avanti RTVue-XR OCT system (Optovue, Inc. Fremont, CA, USA) utilizes motion correction technology (MCT), an algorithm based on the registration of two OCT volumes acquired with orthogonal scanning axes [28, 29] . Although hardware and software solutions greatly improve the scan quality, residual lines and distorted lines can persist after MCT [20] and evidence of motion is observed in SLO-assisted scanning [30] . While MCT performance is challenged by big saccadic motion, real-time tracking performance is often limited by the resolution of fundus image as well as the gradual loss of image quality caused by fatigue experienced by patients due to longer scanning times. The residual artifacts in either of these approaches reduce the repeatability and accuracy of quantitative studies based on OCTA. Although en face registration algorithms that considerably decrease the prevalence of residual artifacts have been demonstrated [31, 32] , they are two-dimensional in nature or necessitate a larger number of scans [32] .
Recently, the RTVue-XR system has incorporated a real-time eye tracking function based on the light intensity detected by an infrared (IR) full-field fundus camera. This tracking configuration is less difficult to implement than an SLO and simplifies laser safety considerations since it is based on uniform illumination of a large area instead of scanning of a focused beam. The combination of tracking-assisted scanning with MCT registration enables greater reduction of motion artifacts as it employs two levels of motion artifact removal. The first level, eye tracking based on IR image, performs real-time OCT scan correction to account for eye blinks, saccades, and fixation drifts. The second level, motion correction technology (MCT), is a post processing step that performs precise pixel level registration in three dimensions to further improve the motion correction accuracy and the resulting image quality. In this study, we have developed an automated motion artifact detection algorithm to assess its effectiveness for the suppression of artifacts in OCTA of healthy and diabetic retinopathy eyes.
Methods

Study population
This study was conducted at the Casey Eye Institute of Oregon Health & Science University (OHSU). Ten healthy participants and 23 participants with DR were enrolled in the study. Written informed consent was obtained from all participants recruited. The protocol was approved by the Institutional Review Board/Ethics Committee of OHSU and adhered to the tenants of the Declaration of Helsinki in the treatment of human participants.
Data acquisition
OCTA imaging was performed with the Avanti RTVue-XR OCT system, operating at a central wavelength of 840 nm, a bandwidth of 45 nm, optical power of 0.65 mW and an Ascan rate of 70 kHz. The eye tracking system incorporated in the RTVue-XR relies on an IR video camera operating at 30 frames per second, a graphics processing unit for motion detection, and a module for error analysis [33] . The retina is uniformly illuminated by light from LED at a wavelength of 735 nm. Motion is identified by comparing current and stored fundus feature boundaries detected by the IR camera. An internal clock records the timing relationship between the OCT frame and the motion detected in the infrared video. The system detects blinking and saccadic motion greater than 60 µm and waits for the transient motion to finish. Once the eye has stabilized, the OCT beam is steered back to the beginning of the position where motion was previously registered and the system resumes data acquisition. It could take up to 33 ms to detect a motion event.
Each acquisition consisted of two scans at orthogonal raster directions. Each scan consisted of 608 B-frames, composed of a set of 304 A-lines acquired two times at each of the 304 raster positions. Acquisition of a 3 × 3 mm 2 scanning area without tracking took 2.9 seconds. Structural OCT data was obtained by averaging the OCT data of both frames acquired at the same raster position. The SSADA algorithm calculated OCTA data. This algorithm divides the OCT spectrum into eleven bands, computes the decorrelation between two B-scans at the same raster position, and finally averages the result obtained for all spectral bands.
In healthy participants, a single eye was imaged twice with tracking and twice without. For participants with DR, a single eye was imaged twice with either tracking turned on or off. We allowed participants to rest for a few seconds between acquisitions and asked them to maintain fixation on a target during the scanning, regardless of whether tracking was on or off. Participants with DR were allowed to blink during acquisitions with tracking. A signal strength index (SSI) that represents the scan's overall reflectance signal strength was calculated by the RTVue software. Data from three diabetic eyes was rejected due to low signal levels (SSI < 60). A total of 80 acquisitions were included for analysis, 40 for healthy eyes and 40 for diabetic eyes.
The two orthogonal scans (x-fast and y-fast) forming each acquisition were registered by the MCT software to build a single volumetric data set. MCT corrects motion by a mechanism that first finds an optimal objective function that estimates a 3D displacement vector for each A-scan [29] . The algorithm is capable of correcting tilts and changes in illumination. Volumes are merged by a scheme that attenuates small motion artifacts undetected by the tracking system and increases the signal-to-noise ratio (SNR) of the angiograms [28] .
Data processing
A directional graph-search method developed by Zhang et al. [34] automatically segmented retinal layers in the structural OCT images. An expert grader examined the segmentation and manually corrected errors. Then, we generated an en face angiogram of the superficial plexus from the SSADA volume by projecting the maximum decorrelation value of the voxels between the inner limiting membrane and superficial half of the inner plexiform layer. The resulting 2D image, in which pixel amplitudes are SSADA decorrelation values, is exported to the artifact detection algorithm.
Image quality assessment
We assessed the performance of tracking only, MCT only, and tracking with MCT in eliminating bright line artifacts contained in the original scans (x-fast and y-fast). Bright line artifacts can be recognized in en face angiograms by computing the summation of the flow signal in rows or columns (S), as observed in Fig. 1(A) . Artifactual lines in Fig. 1(B In tracking-assisted scans, we were interested in assessing the fraction of frames where motion was detected and corrected by the tracking system. Since the tracking does not correct the eye drift after a saccade, the frames affected by motion could be recognized by computing the correlation ( ρ ) of adjacent rows or columns. On the th j column, ρ is defined as:
where j A is the average of the pixel amplitudes in a column j , j A σ is the standard deviation and N = 304. Rescanned frames that are affected by eye drift exhibit a correlation lower than the threshold th
. Threshold values were identified empirically. Acquisitions processed by MCT or tracking plus MCT were assessed by computing the number of distorted lines, stretch artifacts, and residual lines remaining in en face angiograms. Interpolation errors cause distorted lines and stretch artifacts. Distorted lines appear at the position of eye motion in the event of microsaccades (Fig. 2(B), 2(B1) ), exhibit abnormally low correlation values ( Fig. 2(A) ) and are usually found in stripes of more than one line width. Stretch artifacts (Fig. 2(B) , 2(B2)) appear near the borders of the angiogram where the registered volumes did not overlap. Motion between x-fast or y-fast scans, not within a scan, cause stretch artifacts, which are recognized by abnormally high correlation values ( Fig. 2(A) ).
Residual lines are continuous lines appearing where bright lines in the x-fast or y-fast scans were not completely removed by the weighted merging feature of MCT (Fig. 2(D) , 2(D1), 2(D2) and 2(D5)). They are difficult to detect by simply imposing a threshold on their summed flow signal or correlation values, since vessels with a large vertical or horizontal section can be mistakenly identified. We identify lines that are simultaneously a local summed flow maximum and a local correlation minimum (Fig. 2(C) ). Moreover, local extrema are only considered if they cross the correlation threshold th ρ and summed flow signal threshold th S defined above. In this manner, the software neglects lines that are only partially affected (Fig. 2(D) , 2(D3) and 2(D6)). Column D4 is detected as a distorted line. Since motion artifacts contain a collection of pixels with abnormal signal intensity, inaccuracies can be introduced during quantification of clinically useful parameters. Therefore, we are interested in evaluating the similarity between the pair of scans obtained from each participant within a visit. The measurement of angiographic similarity can better reflect the scan repeatability affected by various motion artifacts. First, affine registration of the two superficial plexuses was performed. Then, the area common to both angiograms was cropped and Pearson's product-moment correlation coefficient ( r ) between the two matrices A and B was calculated by: 
where n is the number of pixels in the cropped image. This coefficient takes values closer to 1 for strong positive correlation [35] , indicating better similarity between angiograms A and B.
In all acquisition modes, the prevalence of artifacts ( ) P in en face angiograms with N rows and N columns is calculated as the proportion of artefactual rows ( ) R and columns ( ) C above artifact threshold values as:
A one-sample t-test evaluates the statistical significance of artifact prevalence changes in both tracking modes.
Results
First, we assessed the performance of the artifact recognition algorithm by comparing its results to those of a human grader. Sensitivity and specificity for the group of healthy participants are shown on Table 1 . The algorithm performed at 100% sensitivity in detecting bright lines, distorted lines, and stretch artifacts. For subtle artifacts such as drifts and residual lines, sensitivity was above 92%. Specificity was above 99% for all types of artifacts, given the small number of false positive lines. The effect of tracking-assisted scans on the number of artifacts was evaluated on the healthy and diabetic groups. Figure 3 shows two x-fast scans of the same eye, with tracking (A1-B1) and without tracking (A2-B2). Black arrows in Fig. 3(B1) indicate drift artifacts at frames where microsaccadic motion occurred and no bright lines appeared. Tracking-assisted scanning reduced the prevalence of bright lines by a 42% in en face OCTA (Fig. 4) of the healthy group (p < 0.05) and by a 30% in the diabetic group (p < 0.05). However, as observed on structural OCT images (Figs. 3(A1)-3(A2) ), the prevalence of eye motion is similar in both tracking modes. Consequently, although the total amount of artifacts (bright lines + drifts) was slightly reduced (Fig. 4) , it was not statistically significant (p > 0.05). The efficacy of MCT in eliminating original artifacts was also studied. While all x/y-fast acquisitions contained at least one bright line, 25% of the MCT en face angiograms were completely free of artifacts in the healthy group and 10% in the diabetic group. Residual and distorted lines were more prevalent in the diabetic group than in the healthy group, as shown in Fig. 4 . Although MCT did occasionally introduce an additional artifact (stretch), total artifact prevalence was reduced by a 65% in both the healthy (p < 0.01) and diabetic groups (p < 0.05).
Tracking integrated with MCT increased the proportion of en face angiograms completely free of artifacts to 55% in both groups. Seventy percent of the en face angiograms were free of residual lines, and 95% were free of distorted lines. Artifact prevalence was reduced by 76% in the healthy group and 88% in the diabetic group compared to x/y-fast acquisitions without tracking. This acquisition mode outperformed MCT only (Fig. 4) in reducing the total amount of artifacts in the healthy and diabetic groups (p < 0.05).
In terms of similarity between consecutive acquisitions, two angiograms obtained by tracking with MCT were more correlated than those acquired without tracking (0.75 ± 0.03 vs 0.72 ± 0.03, p < 0.01). The representative example in Fig. 5 shows the dissimilarity between two scans without tracking (Fig. 5(A1)-5(A2) ), r = 0.74). In contrast, the pair of trackingassisted scans showed improved similarity due to a visible reduction of artifacts (Fig. 5(B1)-5(B2) ), r = 0.77). Visualization of vascular details was also improved in tracking with MCT ( Fig. 5(B3)-5(B4) ) compared to MCT only acquisitions (Fig. 5(A3)-5(A4) ). 
Discussion
Eradication of motion artifacts in OCTA is critical for accurate interpretation and reliable quantification of clinically relevant parameters. In diabetic retinopathy, residual and distorted lines can complicate detection of key clinical features. Also, high-amplitude pixels contained in line artifacts affect the repeatability of vessel density and non-perfusion area calculation [5, 7] . Retinal vessel density is also relevant in conditions such as type 2 macular telangiectasia [36] and retinal vein occlusion [37] . In AMD, these artifacts introduce inaccuracies to the calculated choroidal neovascularization area, which may be a critical parameter in assessing disease progression. In this work, we have demonstrated that automated software could recognize various types of motion artifacts accurately and that tracking-assisted scanning with MCT could remove motion artifacts more effectively than either method alone.
Two main features allow the MCT algorithm to correct bright line artifacts. The first one is interpolation of the data contained in frames affected by motion, followed by volume registration that corrects eye drift after saccades. The second feature is the weighted merging of registered volumes, which attenuates small motion and improves the SNR. MCT technology was originally developed to eliminate tissue distortions caused by motion in structural OCT. Upon translation to OCTA, MCT continued to utilize the structural OCT information to detect artifacts and determine the transformations to be applied to the angiographic data set. Although the algorithm first removes bright lines caused by microsaccadic motion through merging of the original scans, some residual motion lines remain (Fig. 2(D) ). Moreover, inaccuracies in interpolation occasionally cause severe artifacts that we have called distorted lines (Fig. 2(B) ). By utilizing the angiographic data in addition to the structural data as intrinsic indicators of motion, the MCT algorithm may be able to better identify and further reduce these remaining artifacts.
Although tracking-assisted scans do not significantly reduce the total amount of artifacts, the quality of en face angiograms was greatly improved by the reduction of bright lines. However, some bright lines do persist, such as the observed in Fig. 3(B1) . This is a consequence of the compromise between the tracking system's sensitivity and the scanning time. A disadvantage of tracking-assisted OCTA is that in participants with poor fixation, scanning time becomes unpredictable. In the RTVue-XR system, the tracking sensitivity is relaxed in order to avoid a large number of rescanned frames. This way, the system can restrict the acquisition time by relying on MCT to eliminate small motion artifacts.
Tracking integrated with MCT provided the most effective method to remove motion artifacts. To illustrate the reasons, acquisitions of diabetic patients with tracking ( Fig. 6 (A1)-6(C1)) and without tracking (Fig. 6(A2)-6(C2) ) are shown. Tracking-assisted x/y-fast scans have less bright lines before MCT merging, and remaining lines had smaller width and intensity. As a result, residual lines suppression by weighted merging was more effective (Fig. 4(C) ). Furthermore, MCT's volumetric registration feature was also enhanced, as shown by the reduction of distorted lines. Corrupted frames during a microsaccade were ignored in tracking-assisted scanning, which reacquires frames after the eye refocuses on the fixation target, reducing eventual interpolation errors. In contrast, Fig. 6 (D2)-6(F2) shows an example of a scan without tracking where strong saccades led to irretrievable sections of a large vessel.
The reduction of stretch artifacts between MCT only and tracking-assisted scanning with MCT was not statistically significant (p > 0.05). It was also observed that stretch artifacts were less prevalent in the diabetic group. This may be caused by the algorithm's lower sensitivity due to reduced perfusion, typical of DR. Complete elimination of this peripheral artifact will depend on future improvements of the MCT technology. 
Conclusion
In summary, tracking-assisted scanning integrated with MCT is superior to tracking or MCT alone in removing the total amount of motion artifacts in OCTA. Real-time eye tracking reduces the number and the width of bright-line artifacts in x/y-fast scans. Additionally, the scanning protocol halts the acquisition of frames during saccadic motion. Consequently, fewer residual lines and distorted stripes are observed after MCT registration and merging in the healthy and diabetic groups. The similarity between repeated acquisitions in the same visit was improved by tracking-assisted scanning, as indicated by the larger correlation coefficient between their en face OCTA. No conclusive difference in the number of peripheral stretch artifacts was observed between tracking modes.
Funding
National Institutes of Health (NIH) (DP3 DK104397, R01 EY024544, R01 EY023285, P30 EY010572). This work was also supported by unrestricted departmental funding from Research to Prevent Blindness (New York, NY).
